The masses and mixing of the light left-handed neutrinos can be related to those of the heavy right-handed neutrinos in left-right symmetric theories. Properties of the light neutrinos are measured in terrestrial experiments and the CP -violating decays of their heavy counterparts produce a baryon asymmetry via the well-known leptogenesis mechanism. The left-handed Higgs triplet, present in left-right symmetric theories, modifies the usual see-saw formula. It is possible to relate the lepton asymmetry to the light neutrino parameters when the triplet and the top quark through the usual see-saw mechanism give the dominant contribution to the neutrino mass matrix. We find that in this situation the small angle MSW and vacuum solutions produce reasonable asymmetry, whereas the large angle MSW case requires extreme fine-tuning of the three phases in the mixing matrix. *
Introduction
The explanation of the observed ratio of baryons to photons in the universe is one of the most challenging theoretical problems. In standard cosmology the ratio is explained as a disappearance of antimatter in the early universe as proposed by Sakharov [1] . The creation of a matter-antimatter asymmetry is, in many cases, suppressed by the conservation of the B − L quantum number. Fukugita and Yanagida observed [2] that a Majorana mass term provides an attractive possibility for the creation of a lepton asymmetry when heavy Majorana neutrinos decay at an epoch in which they are out of equilibrium. The effect is further enhanced by self-energy contributions which create relatively long-lived states [3] . The asymmetry is then converted into a baryon asymmetry via sphaleron processes [4] . This Majorana neutrinos come closer to explaining the observed ratio of baryons to photons of [5] Y B ≃ (0.1 . . . 1) · 10 −10 .
The explanation of the baryon asymmetry seems to demand physics beyond the Standard Model [6] . In addition, the collected evidence for massive neutrinos [7] also demands physics beyond the Standard Model. The next logical step is to check if one can relate the data of the light left-handed neutrinos with the heavy right-handed ones and to obtain the correct order of magnitude for Y B . Several recent papers dealt with this problem [8, 9, 10, 11, 12, 13, 14] , assuming specific structures for the mass matrices and symmetries of the theory. In this article we study a left-right symmetric model where in addition to the usual Higgs doublet there are left-and right-handed Higgs triplets. The breaking of the symmetry generates vacuum expectation values v L and v R which in turn generate neutrino mass matrices. For a natural choice of parameters, the left-handed Higgs triplet gives the main contribution to the neutrino mass matrix. Only the top quark contribution of the Dirac mass matrix entering through the see-saw mechanism is of comparable size. The important role played by the triplet Higgs was highlighted 1 in [16] . In this case, the light left-and heavy right-handed neutrino sector are related naturally and no further assumptions are required. At the end we find that from the three solutions to the solar neutrino problem small angle MSW and vacuum oscillations generate a baryon asymmetry of the correct order of magnitude. The large mixing angle MSW solution yields a very high
The paper is organized as follows: In Section 2 we review the conventional see-saw mechanism and its application to leptogenesis. In Section 3 we describe how the mechanism is modified in left-right symmetric theories. The experimental status of the left-handed neutrino mass matrix is included in Section 4, which is then used to calculate the righthanded mass matrix in Section 5. These results are collected together in Section 6 and figures for the asymmetry as function of the parameters are presented. In the last Section 7 we give our conclusions.
Conventional See-Saw mechanism
The conventional see-saw mechanism follows from the Lagrangian of the Standard Model enlarged by the addition of a singlet right-handed neutrino N ′ Ri for each generation. The new part of the Lagrangian is
with l iL the leptonic doublet, Φ the vacuum expectation value (vev) of the conventional Higgs doublet Φ,m D a Dirac mass matrix operating in generation space and M R is the symmetrical Majorana mass matrix for the right-handed neutrinos. We can go to the physical basis by diagonalizing
and defining the physical states
In the new basis the Dirac mass matrix also changes to
Thus, the Dirac Yukawa couplings are also rotated by the matrix U R .
Interference of tree level with one-loop vertex and self-energy diagrams leads to a lepton asymmetry in the decays of the lightest Majorana,
where v ≃ 174 GeV is the weak scale and the function f is defined as
The approximation holds for x ≫ 1. There can be a resonant enhancement of the asymmetry in case of the degenerate Majorana neutrinos. Obviously, the magnitude of the asymmetry is of great interest since it introduces a B − L violation in the theory.
As already mentioned, the interaction in Eq. (2) leads to the famous see-saw prediction for the light neutrino mass matrix [17] 
Note thatm D in Eq. (2) can always be written asm
It then follows from Eqs. (5, 6 ) that the asymmetry ε depends upon the right-handed mixing matrices V R and U R rather than the experimentally accessible left-handed ones. This has lead to the conviction that the lepton asymmetry is independent of the low energy parameters [18] . However, the theoretical input of the left-right symmetry allows us to relate the right-handed mixing to the left-handed one and connects the baryon asymmetry to the parameters of the left-handed neutrinos.
If m ν is given by Eq. (7) then knowing the neutrino masses and mixing angles from oscillation experiments does not help in determining m D because the right hand side in Eq. (7) is quadratic in m D . Given a specific model form D , one can always invert Eq. (7) to obtain M R and hence the asymmetry ε as was done in [8, 9, 10, 11, 12, 13, 14] . The left-right symmetry provides instead a more natural framework to obtain ε. In this case the unitary matrices diagonalizing m ν and M R are related. Furthermore, in an interesting situation the oscillation experiments provide us with m ν , which is used for the derivation of M R , as described in the next section.
Left-right symmetric models
The minimal left-right symmetric model implementing the see-saw mechanism requires three Higgs fields [19] , namely: a bi-doublet and a right-handed as well as a left-handed triplet. The presence of the latter is necessary in order to maintain the left-right symmetry. Both the triplets acquire vevs v L and v R , respectively, at the minimum of the potential. Each of them generates a Majorana mass term for left-and right-handed neutrinos:
with f being the coupling matrix in generation space. The conventional see-saw formula (7) is then modified to [19, 20] 
Frequently, the first term is neglected which however might not be justified, as we will argue below. In fact, whenever m L is the dominant contribution to m ν we would have
Here U L is the matrix diagonalizing the neutrino mass matrix m ν :
and m i are the light neutrino masses. We must however be careful not to ignore the second term in Eq. (9) in cases when it is important. Later on, we argue that when one identifies the Dirac mass matrix with the up quark mass matrix then only the top quark gives a sizable contribution.
At the minimum of the potential, the left-and right-handed triplets assume their vevs and produce masses for the gauge bosons. Then, in general [19] the following relation holds:
where the constant γ is a model dependent parameter of O(1). Substituting the results from Eqs. (8) and (12) into (9) yields
This result exhibits the strength of the left-right symmetric theory. The oscillation experiments allow one to estimate several matrix elements of f through Eqs. (9) and (10). Once we identifym D with the up quark matrix and decide that the contribution from the top quark alone is important, we can determine f , whose diagonalization gives U R , which in turn gives m D and therefore the lepton asymmetry via Eq. (6).
In the next section we will shortly discuss the current status of the neutrino mass matrix and will then take up the task of calculating f , estimate the magnitude of v L,R and determine the baryon asymmetry within the situation described before.
Current status of m ν
The experimental data on neutrino oscillations can be used to derive the neutrino mass matrix [21] . The mixing matrix U L may be parameterized as
where c i = cos θ i and s i = sin θ i . The "CKM-phase" δ may be probed in oscillation experiments, as long as the LMA solution is the solution to solar oscillations [22] . The other two "Majorana phases" α and β can be investigated in neutrinoless double beta decay [23, 24] . The choice of the parameterization in Eq. (14) reflects this fact since the ee element of the mass matrix i U
2
Lei m i is only depending on the phases α and β. In a hierarchical scheme, to which we will limit ourselves, there is no constraint on the phases from neutrinoless double beta decay [24] . Thus, we can choose them arbitrarily. The mass eigenstates are given as 
For the last angle θ 3 there exists only a limit of about sin 2 θ 3 < ∼ 0.08. For a recent threeflavor fit to all available data see [25] .
Note that we have identified the neutrino mixing matrix in Eq. (14) with the matrix U L diagonalizing the neutrino mass matrix Eq. (11). This assumes implicitly that the charged lepton mixing is small. We shall work with this assumption in what follows.
Determination of f and the baryon asymmetry
As mentioned before, we argue that only the top quark gives a sizable contribution to the conventional see-saw
Identifyingm D with the up quark mass matrix and neglecting mixing among up quarks, the relative magnitude of both terms contributing to m ν can be written as
where we only used Eq. (12) and assumed that the matrix elements of f and f −1 are of the same order of magnitude. One sees immediately that only the top quark mass makes the ratio in Eq. (17) 
There might be a common factor of order 1 for the complete matrix, but in light of the factor γ in Eq. (12) and the uncertainty in the oscillation parameters we can safely work with this form ofm D . Later on we will comment on the dependence of the results on this factor.
It is helpful to repeat the argument with typical numbers. The maximal scale of m ν is ∆m We can now proceed to calculate the contribution to the Yukawa coupling matrix f in this situation. Since only the (33) element of m ν has a contribution from the see-saw term we have
For the last term we adopt
where the parameter s denotes the contribution arising from the see-saw term. The parameter is consistently determined by using Eqs. (12,13)
where
Using Eq. (20) we can solve for s and find
As expected, s is of the order of 0.1 to 0.01 eV.
With the matrix f now determined completely, we diagonalize it and calculate the baryon asymmetry in the following way. From ε the baryon asymmetry Y B is obtained by
where g * ≃ 110 is the effective number of massless degrees of freedom at T = M 1 . The factor c indicates the fraction of the lepton asymmetry converted into a baryon asymmetry via the sphaleron processes. It depends on the group structure of the theory and is of order one. For three lepton families and one (also two) Higgs doublets it is about −0.55. Finally, κ is a dilution factor due to lepton-number violating wash-out processes. It can be obtained by integrating the Boltzmann equations and strongly depends on
where Γ 1 is the width of the lightest Majorana neutrino and H(T = M 1 ) the Hubble constant at the temperature of the decay. M Pl is the Planck mass. A convenient parame-terization is [27] 
Typically, values for κ lie in the range of 10 −3 to 0.1.
Results
The main variables are the parameters ∆m 2 ⊙ and tan 2 θ 1 which specify the solar solution, as given in Eq. (16) . Below, we analyze the dependence of Y B on these parameters. It is found that the value of γ and the sign of s do not play a decisive role. Also, the value of ∆m 2 A (varied within (3 ± 5) · 10 −3 eV 2 ) has little influence on Y B . The same is true for changing tan 2 θ 2 . The asymmetry decreases (increases) with decreasing (increasing) top quark mass, though not much. For the SMA case the dependence on the phase α is not as strong as on the other two phases, whereas it is equally strong for the LMA and QVO case. The conclusions we draw now will be only changed if all these parameters conspire and take rather extreme values within their allowed ranges.
We work now with positive s from Eq. (22) and apply maximal atmospheric mixing with ∆m 2 A = 3 · 10 −3 eV 2 . The parameter γ is fixed to one and the top quark mass at 175 GeV. We shall work with v R = 10
15 GeV from which v L and s are obtained via Eqs. (12) and (22) . We find that K from Eq. (24) is always below 10 and thus κ lies between 0.17 and 0.05. There is practically no dependence on the lightest mass eigenstate m 1 . Fig. 1 shows the behavior of Y B as a function of ∆m 2 ⊙ for different sin 2 θ 3 . One sees that for lower masses the asymmetry decreases. In Fig. 2 we display the dependence on tan 2 θ 1 . The baryon asymmetry decreases with decreasing tan 2 θ 1 . This dependence is stronger than the one on ∆m We analyze next the three distinct solutions to the solar neutrino problem in detail. Fig. 3 shows the SMA case for different values of the parameters. All four combinations yield Y B in the right magnitude and seem to prefer a sin 2 θ 3 lower than about 10 −3 . Fig. 4 shows again that the LMA case results in a very high asymmetry. Here, fine-tuning of the parameters, specifically the CP violating phases is required to get a Y B within its experimental limits. It is also seen that tan 2 θ 1 > 1 gives a smaller asymmetry than tan 2 θ 1 < 1. The QVO case, displayed in Fig. 5 , might also produce an acceptable asymmetry. Note the different choice of the phases in this plot and Fig. 1 . We note that the latest SuperKamiokande data seems to favor the LMA solution [28] , using however a two-flavor analysis. More and additional data has to be waited for.
All our results are based on identifyingm D with the up quark mass matrix and retaining only the top quark contribution. The importance of the ordinary see-saw contribution will be less in any other models in which the largest scale ofm D is set by a fermion mass other than the top quark, i.e. the bottom quark mass. In the extreme case of completely neglecting the ordinary see-saw contribution, one would have
In this case, the lepton asymmetry will be completely controlled by the left-handed neutrino masses and mixings as well as the ratio
. Thus, unlike in the present case, the results will be sensitive to the value of m 1 which has to be less than or similar to the solar scale. We have checked that the required asymmetry can be generated in this case with a proper choice of m 1 .
It is instructive to see the dependence of some other models on the solar solution. Models based on SO (10) were used e.g. in [11] where it was found that only the QVO solution gives acceptable baryon asymmetry. A slightly different analysis in [12] finds that also the SMA case works. This solution has also been favored in the models presented in [9, 10, 14] , which all use quite different symmetries. The LMA solution, which we disfavor, has been shown to be the only solution producing an acceptable Y B in [13] , using SU(5) inspired mass matrices. We stress again that the main difference to the present paper lies in the fact that the left-handed Higgs triplet plays a dominant role in producing the light neutrino mass matrix. Once the solution of the solar oscillation is identified, more definite statements about the symmetry relations can be made, which is an important by-product of the analysis of relations between leptogenesis and neutrino oscillations.
Conclusion
Using very general properties of left-right symmetric theories we connected the light lefthanded neutrino sector as measured in neutrino oscillations with heavy right-handed neutrinos, whose decay is responsible for the baryon asymmetry of the universe. Identifying the Dirac mass matrix with the up quark mass matrix we found that only the top quark has a significant contribution to the neutrino mass matrix. The main contribution to m ν comes from the left-handed triplet, which is neglected in most papers dealing with this subject. In our scenario, the SMA and QVO case yield in reasonable asymmetry, whereas the LMA solution produces a too high asymmetry. Dortmund university is gratefully acknowledged (W.R.). W.R. wishes to thank the Universita degli studi di Pisa where the final stages of this work were performed. A.S.J. acknowledges support from the Alexander von Humboldt foundation and thanks his colleagues for their hospitality at the University of Dortmund. 
